Considering the inherent advantages of eutectic alloys as high-temperature materials, eutectic high-entropy alloys provide a brand new research direction for developing materials to be used in high-temperature environments. Along this line of thinking, the solidification microstructure in a near-eutectic Al 2 CrCuFeNi 2 alloy was studied. A unique sunflower-like eutectic colony structure was observed, where the Ni-Al-rich B2 phase formed as the primary phase with a spherical or ellipsoidal morphology, the Ni-Al-rich B2/Cr-rich A2 eutectics grew on the primary phase in a radial manner, and the primary B2 phase further decomposed into nearly cubic particles dispersed in the matrix at lower temperatures.
Introduction Eutectic alloys are important in many aspects, including controllable near-equilibrium microstructures that can resist change up to the reaction temperature, high rupture strength, good hightemperature creep resistance, and sometimes interesting and unusual electrical, magnetic, and optical properties. [1] Naturally, eutectic alloys are good candidate materials to be used in high-temperature environments. A representative example is the NiAl-Cr eutectic alloy, where NiAl has excellent oxidation resistance, high melting temperature, high thermal conductivity, and relatively low density, while Cr provides enhancements in both the toughness and the creep strength for the eutectic composite material. [2, 3] It is also widely known that the addition of some minor elements, such as Mo, Fe, and W, can affect the microstructure and orientation of the NiAl and Cr phases. [2] High-entropy alloys (HEAs), or multicomponent alloys with equiatomic or close-to-equiatomic compositions, are newly emerging metallic materials that have great potential to be used in high-temperature environments. [4] [5] [6] [7] A distinctive feature of HEAs is the stabilization of the solid solution phases by the high configuration entropy at elevated temperatures, [8] and the * Corresponding author. Email: sheng.guo@chalmers.se usually simple phase constitutions [9, 10] even in such a highly concentrated multi-component alloy system. Two notes are raised here for clarification. First, solid solutions are not necessarily the sole alloying products in HEAs. Depending on the alloy compositions, intermetallic compounds can form, and the amorphous phase can also form. [9] [10] [11] [12] Second, the solid solutions in the cast HEAs are normally non-equilibrium phases. They are actually the first formed solid phases upon solidification, and are kept to the ambient temperature due to the sluggish diffusion of HEAs [13, 14] : the time scale of the cooling process is relatively too short for the phase transformation toward its equilibrium state. It is also that this sluggish diffusion effect that leads to the exceptional high-temperature strength and structural stability of HEAs. [7, 15] The eutectic HEAs seem to be an interesting idea for designing new high-temperature materials, if the advantages of both HEAs and the eutectics can be utilized. Previous work on eutectic HEAs has been sporadic, [16] [17] [18] [19] and a comparative study of eutectic HEAs to conventional eutectic high-temperature alloys is missing. Here, we used a recently developed near-eutectic Al 2 CrCuFeNi 2 HEA [20, 21] as an example, to compare its solidification structure with the NiAl-Cr eutectic alloys. The formation mechanism of the unique sunflower-like microstructure in Al 2 CrCuFeNi 2 was given particular attention.
Experimental The Al 2 CrCuFeNi 2 alloy was prepared by arc-melting a mixture of constituent elements with purity higher than 99.9 wt% in a Ti-gettered high-purity argon atmosphere. Subscripts in the alloy compositions indicate the atomic portion of each individual element. The melting was repeated five times to improve the chemical homogeneity, and finally the molten alloy was drop-cast into a 10 mm diametered copper mold. The phase constitutions of the alloy were examined by the X-ray diffractometer (XRD) using the Co radiation (Bruker AXS D8 Discover). To facilitate the microstructure observation, the sample surfaces were sequentially polished down to the 0.3 μm grit alumina suspension furnish, and then electrochemically etched using the Cica-Reagent Electrolyte A (Kanto Chemical). The microstructures of the alloys were examined using the field emission scanning electron microscope (FE-SEM, Zeiss 1550 VP, equipped with an X-ray energy-dispersive spectrometer (EDS)). Transmission electron microscope (TEM) specimens were prepared by mechanical thinning followed by the twin-jet electrochemical polishing with the 10 vol% HClO 4 -90 vol% ethanol solution. The chemical composition was analyzed using the TEM-EDS (Philips CM20) method.
Results and discussion
The microstructure of the alloy is given in Figure 1 (a), where copious eutectic grains or colonies can be seen. According to Li and Kuribayashi [22] when discussing the free solidification behavior of undercooled eutectics, a single eutectic colony shall be the basic unit rather than the bulk. This methodology was adopted here to study the eutectic structure. Essentially, each eutectic colony has a similar microstructure in that the lamellae grow on the spherical or ellipsoidal phase in a radial manner, and copious nearly cubic particles appear within the spherical or ellipsoidal phase. A typical microstructure of the eutectic colony is shown in Figure 1 (b). Interestingly, it resembles much the structure of a sunflower. The lamellae constitute the petals and inter-petals, the spherical phase as the disk floret and the particles form the seeds. This sunflower-like microstructure can basically represent the morphology of all the eutectic colonies, with the main differences among colonies being the size and shape of the disk-floret phase, and whether the collision of neighboring colonies would prevent the full development of an individual colony. For the eutectic colony shown in Figure 1(b) , the disk-floret phase has a diameter of ∼4 μm, the petals are ∼1.4 μm in length and ∼300 nm in width, with the spacing between petals ranging from ∼75 to ∼350 nm, and the seeds have an average size of 230 nm. Depending on the growth condition (for both the floret disk and the petals), these sizes vary among different eutectic colonies but these measurements give an idea of the magnitude. Figure 2 shows an SEM-EDS map for a typical eutectic colony, and it gives a glimpse of the elemental distribution for the eutectic structure. The petals and seeds are both enriched in Cr and Fe, while the interpetals and the disk floret are both enriched in Ni and Al. Interestingly, the seeds form in a concentric region to the disk floret, which is highlighted in the secondary electron image. The preliminary chemical information indicates that the petals and seeds could be the same phase, the inter-petals and the disk floret also belong to the same phase. To confirm this conjecture, the chemical compositions were analyzed by TEM-EDS with a much improved spatial resolution (with the electron beam size of 40 nm), and the results are given in Table 1 . Indeed, the interpetals and the disk floret (matrix, excluding the seeds) have almost the exact chemical compositions. A more careful observation of their compositions suggests that they can be written in the form of (Ni, Fe, Cr) 50 (Al, Cu) 50 , or with the composition of a NiAl-type solid solution. The petals and seeds do not have the same compositions, but they are both enriched in Cr and Fe, and the enrichment is more significant in the petals. Considering that the XRD analysis only shows the existence of two phases in this alloy, bcc (A2) and ordered bcc (B2) phase, the above chemical analysis leads us to presume that the petals and seeds have the A2 structure, while the inter-petals and the disk-floret matrix have the B2 structure. This presumption is further supported by the selected area diffraction patterns (SADP). Figure 3(a) shows the morphology of a eutectic colony under TEM, where the interface of the floret disk and the radially grown petals on the floret disk can be clearly observed. The SADPs for both the seeds and the petals, shown in Figures 3(b) and 3(c) , confirm that they have the A2 structure.
Combining the XRD analysis, the microstructural features, the chemical composition, together with the structural characterization by TEM, we came up with the formation mechanism of the unique sunflower-like microstructure, shown in Figure 4 . During the solidification, the B2 phase with the composition of (Ni, Fe, Cr) 50 (Al, Cu) 50 forms first from the liquid phase as the primary phase. The primary phase grows almost isotropically, not forming a dendritic structure. When reaching the eutectic temperature, the alternating B2 and A2 phases form the lamellae growing on the primary phase, and the growth direction of the lamellae is normal to the boundary of the primary phase, thus forming a radial pattern. A eutectic colony is then formulated and the growth of each eutectic colony stops when the solidification ends or it collides with neighboring colonies. The nearly cubic A2 phases form at a lower temperature, decomposing from the primary B2 phase, very possibly due to the occurrence of the spinodal decomposition. The separation of the Ni-Al-rich B2 phase (matrix) and the Cr-Fe-rich A2 phase (seeds) seems to lend support to this hypothesis. Spinodal decompositions forming the compositionally different A2 and B2 phases are frequently seen in HEAs, [23, 24] and it is interesting to note that in the AlCoCrCuFeNi HEA, the products of the spinodal decomposition are also Ni-Al-rich B2 phase and CrFe-rich A2 phase. [24] The cubic form of the A2 phase, rather than the modulated plates as in References, [23, 24] shall originate from the need to minimize the elastic strain energy. [25] The nature of the confinement of the region where the spinodal decomposition occurs, for example to within the region circled by the dash-dotted lines in Figure 2 , is unclear but it could be related to the boundary effect, as the spinodal decomposition free region locates nicely along the phase boundary between the primary phase and the eutectics. It is interesting to recognize that the sunflowerlike microstructure formed in this near-eutectic Al 2 CrCuFeNi 2 HEA bears much similarity to those formed in some hypo-eutectic NiAl-Cr alloys. For example, a similar structure was seen in an induction melt and drop-cast 33Ni-32Al-28Cr-3Mo-4Ti (at%) alloy, [26] and the phase constitutions of the structural features are almost close to those in the HEA: NiAl phase forming the primary phase, alternating NiAl-Cr(Mo) eutectic lamellae grow on the primary NiAl phase in a radial manner, with the Cr(Mo) phase being the petals, and Cr(Mo) particles forming within the primary NiAl phase. However, the sizes of the structural features in the 33Ni-32Al-28Cr-3Mo-4Ti alloy are much coarser than those in the HEA. In the former, the petals are ∼50 μm in length and the seeds are about 1 μm. It is also worthy pointing out that in some hyper-eutectic NiAl-Cr alloy where the Cr(Mo) phase was the primary phase, NiAl halos were present surrounding the primary Cr(Mo) phase, and the eutectics then grew over the halos. [2] According to the non-reciprocal nucleation principle, [27] no Cr(Mo) halos would form on the primary NiAl phase, and this was experimentally confirmed. [28] The point of mentioning this is to exclude the possibility of the halo formation in the current HEA, and to state that the spinodal decomposition-free region, as seen in Figure 2 , is not the halo. NiAl-Cr alloys are the generally recognized as a pseudo-binary eutectic system, [29] the solidification behavior in the near-eutectic NiAl-Cr alloys is not surprising. However, the solidification of the Al 2 CrCuFeNi 2 HEA also follows a pseudo-binary eutectic manner which is somewhat unexpected, considering such a highly concentrated alloy system and the high doping of elements other than Ni, Al and Cr (Table 1) . This phenomenon can possibly be rationalized by two points: the enhanced solid solutioning by the high configuration entropy at elevated temperatures and the non-equilibrium nature of the achieved pseudo-binary eutectics in the HEA. The significance of knowing this structural similarity between the Al 2 CrCuFeNi 2 HEA and NiAl-Cr alloys is that previous knowledge to optimize the mechanical properties of the latter can now be transplanted to the former, which would certainly simplify the alloy design for desirable eutectic HEAs.
The observation of sunflower-like eutectic microstructure is rather rare in the literature. To the best knowledge of the authors, the most similar structures are only seen in some NiAl-Cr(Mo) hypo-eutectic alloys, [26, 30] which are also essentially equiatomic ternary alloys doped with small amounts of alloying elements such as Mo, Ti and rare-earth elements. To achieve the universal sunflowerlike solidification microstructure as seen in Figure 1(a) , all the following four conditions need to be satisfied simultaneously: (1) the existence of copious nucleation sites for the primary phases; [22] (2) the almost isotropic growth of the primary phase; (3) the eutectic lamellae growing normal to the phase boundary of the primary phase, hence forming a radial pattern; and (4) the primary phase decomposing to form copious discontinuous particles at lower temperatures. Certainly, it is highly demanding to obtain the perfect sunflower-like microstructure, in terms of the alloy compositions [2, 21] and solidification conditions. [2, [31] [32] [33] Whether the appearance of a sunflower-like structure bears any relation to the specific alloy compositions, or in another word whether such a unique structure can be achieved in other HEAs or multicomponent alloy systems, for example, when the alloy compositions are not highly concentrated, or when the eutectics are no longer the NiAl-like B2 phase and Crrich A2 phase are interesting topics to be explored in the future.
Conclusions In summary, the solidification microstructure in a near-eutectic Al 2 CrCuFeNi 2 HEA was studied, with a particular attention to the formation of the unique sunflower-like eutectic colony structure. During the solidification process, the Ni-Al-rich B2 phase formed as the primary phase with a spherical or ellipsoidal morphology, followed by the Ni-Al-rich B2/Cr-rich A2 eutectics growing on the primary phase in a radial manner, and finally the primary B2 phase decomposed at lower temperatures leading to the formation of copious nearly cubic particles, very possibly via the spinodal decomposition. The structural similarity to NiAl-Cr hypo-eutectics paves the way to further optimize the near-eutectic HEAs for high-temperature applications.
